The growth of titanium silicide clusters has been observed for sub-monolayer Ti deposited on Si(111)-7 Â 7. Irregular shape tetragonal Ti 5 Si 4 islands were observed to grow at 600 C. On the other hand, the elongated orthorhombic-Ti 5 Si 4 (O-Ti 5 Si 4 Þ clusters form at 700 C. The clusters underwent a rapid increase in length and slight reduction in width as the cluster area exceeds a critical size ($15 nm 2 Þ. The elongated clusters are oriented along three equivalent Sih2-20i directions of the Si(111) surface with O-Ti 5 Si 4 (025)==Si(2-20). The shape change is in agreement with theoretical prediction based on the strain relief mechanism.
Introduction
Strained epitaxial layers may form while the interface between the overlayer and the substrate is commensurate. These layers are inherently unstable and have interesting properties, which are of importance in semiconductor devices. Two kinds of strained relief mechanism were recognized: one is the formation of dislocation and the other is shape transition. In recent years, [1] [2] [3] it has been recognized that shape changes such as island formation constitute a major mechanism for strain relief. Tersoff and Tromp 1) reported that a strain-induced shape transition may occur. Below a critical size, islands have a compact symmetric shape. For larger sizes, they adopt a long thin shape, which allows better elastic relaxation of the island's stress. Experimental data on silicide island formation, e.g. Au 4 Si/ Si(111) 2) and CoSi 2 /Si(100), 3) also exhibited the elongated island growth. However, the influence of the formation of crystalline silicide phase has been neglected. For the Ti/Si system, a series of phase transformation was reported in thin-film reactions. 4) Titanium silicide islands of various shapes were observed. 5, 6) The shapes were found to depend on the thickness of Ti deposition and thermal treatment process.
In this paper, the shape transition of titanium silicide clusters to the textured structure was reported for the submonolayer Ti/Si(111) system annealed at various temperatures. The phases were identified using transmission electron microscopy (TEM) and the growth of cluster were observed using scanning tunneling microscopy (STM).
Experimental Procedures
Si(111) substrates with miscut-orientation 0.1 were used. After introducing the samples into an ultrahigh-vacuum (UHV) chamber with a base pressure below 5 Â 10 À11 mbar, the 7 Â 7 reconstruction was achieved by direct current heating at $700 C for several hours followed by flashing several times at 1250 C for a total of 1 min below 1 Â 10 À9 mbar. The evaporation of Ti (99.99% purity) was performed with a well-outgassed electron-beam evaporator at room temperature. During the evaporation, the pressure in the chamber was better than 1 Â 10 À10 mbar. The deposition rate was about 0.08 ML/min. 0.2 ML Ti atoms were deposited on Si(111)-7 Â 7 surface at room temperature and annealed at 600 C or 700 C for 5 min. The STM experiments were carried out in an ultrahigh vacuum STM (Omicron STM1). All STM images were taken at room temperature in the constant current mode with a tunneling current of $0:2 nA.
For ex-situ TEM observation, a JEOL 2010 TEM/JEOL 4000EX HRTEM operating at 200/400 keV with a point-topoint resolution of 0.23/0.18 nm was used. The TEM observation was carried out soon after the samples were taken out of the STM chamber so that no serious oxidation of the samples occurred.
Results

Scanning tunneling microscopy
After 600 C annealing, the shape of the clusters is irregular as shown in Fig. 1 . The appearance of the clusters suggests that they were formed by the agglomeration of smaller clusters since more than one protrusions are observed on top of the clusters as shown in Fig. 1(b) , which is a magnified view of the selected region seen in Fig. 1 
(a).
Figure 2(a) shows the formation of clusters with large aspect ratios after 700 C annealing. The density and average size of the clusters decreases and increases, respectively, than those in 600 C annealed samples. All of these clusters are oriented along three equivalent Sih2-20i directions and the surface of the clusters is rather flat as shown in Fig. 2 
(b).
It is inferred that the elongated structure is of a crystalline titanium silicide phase and the growth direction of titanium silicide reflects the surface structure of the underlying Si substrate. Figure 3 shows the plots of length and width of the clusters versus cluster area. It is seen that the ratio of the length/width of the majority of clusters increases markedly with the cluster area, when the cluster area is larger than 15 nm 2 . It indicates that when the cluster is larger than a critical size, the clusters tended to grow preferentially along certain directions.
Transmission electron microscopy
A typical diffraction pattern for a 600 C annealed sample is shown in Fig. 4 . Table I Fig. 7 .
From the analysis of HRTEM images, the larger clusters with large aspect ratios are identified to be orthorhombic ) measurements, as shown in Fig. 8(a) . The smaller and rounded clusters were identified to be tetragonal is shown in Fig. 8(b) .
Discussion
The shape transition from irregular to elongated structures has been found to accompany the silicide phase transformation from T-Ti 5 Si 4 to O-Ti 5 Si 4 . In a previous study on thin film titanium silicide formation, 4) C49-Ti 5 Si 4 was found to form in 30-nm-thick Ti deposited on Si after 500 C (a) (b) annealing for 30 min. A thickness dependence for Ti silicide formation was reported by Jeon et al. 7) With the decreasing film thickness, the temperatures for both the C49 phase formation and the transition from the C49 phase to the C54 phase increase. For example, C49 phase forms in 20-nmthick, but not in 5-and 10-nm-thick, Ti films on (111)Si deposited at 500 C. Similarly, C54 phase forms in 40-nmthick, but not in 20-nm-thick, Ti films on (111)Si deposited at 650 C. The thickness dependence was attributed to the the possession of smaller surface energy for C49 than C54 phase. In contrast, as the Ti deposition was reduced to 0.2 ML, the transition to C49 phase does not occur even after 700 C annealing in the present study.
The elongated O-Ti 5 Si 4 clusters are grown along three equivalent Sih220i directions with O-Ti 5 Si 4 (025)==Si (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The silicide clusters are incommensurate (4.4%) in their long direction. The result indicates that for the complicated phase transformation system, e.g. Ti/Si system, the crystalline structure plays an important role in the final shape of the silicide cluster. This is in contrast with the case for rare-earth nanowires, which are commensurate with nearly perfect lattice match in their long direction and are limited in their ability to grow coherently with the substrate in the lateral direction. 8) For PtSi on Si(001), the long direction is aligned with [001]PtSi direction in parallel with Si(2-20) plane with smaller lattice mismatch. 9) On the other hand, for the growth of C49-TiSi 2 , the range of structural variants argues against a simple interface-energy explanation.
10) It is, however, interesting that TiSi 2 nanowires are incommensurate (8%) in their long direction.
Owing to the occurrence of the phase transition, the shape changing behavior for the small clusters is different from that proposed by Tersoff and Tromp, 1) who derived an analytical expression for the energy of a strained epitaxial island. The symmetry of the structure is not observed. It means that the silicide clusters are not commensurate even though the size is only a few nanometers in size. However, if the cluster is larger than the critical size ($15 nm 2 ), the ratio of the length/width of cluster increases with the cluster area. in agreement with the model. It is inferred that when the silicide cluster grows to be larger than the critical size due to the aggregation of the smaller clusters, it transforms to a crystalline O-Ti 5 Si 4 cluster and leads to [1D] growth.
Conclusions
The titanium silicide cluster shape transition from irregular to elongated shapes was observed. The crystalline phase of the elongated clusters was determined to be O-Ti 5 Si 4 transformed from the T-Ti 5 Si 4 . The elongated clusters were formed with a rapid increase in length and slight reduction in width as the cluster area is larger than a critical size. They are oriented along three equivalent Sih2-20i directions of the Si(111) surface with O-Ti 5 Si 4 (025)==Si (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The shape change is in agreement with theoretical prediction based on the strain relief mechanism.
